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Propane dry reforming to synthesis gas over Ni-based catalysts: Influence
of support and operating parameters on catalyst activity and stability
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A. Olafsen Sjastad ¢
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A series of supported Ni catalysts (~2 wt% Ni) were tested for the dry reforming of propane to synthesis gas reaction at 600 °C,
C3Hg:CO,:Hjp:Nj (%) = 10:30:10:50, 1 atm and GHSV = 13333 Nml/(h gcat). The support systems studied range from acidic (SiO;) to ampho-
teric [Al, O3, Mg(Al)O] to basic oxides [MgO, CaO], with BET areas of 100, 100 (131 and 173), 117, and 16 mz/g, respectively. Ni particle size
and reduction state was investigated by magnetic measurements, performed before and during catalytic testing. Support basicity was measured
by CO, TPD. It was observed that the intrinsic activity of the catalysts (TOF) depends strongly on the Ni particle size (D) in the size range of
4.5-11 nm. As such, a TOF versus D plot showed an exponential inverse relationship, much more pronounced than previously reported for the
methane dry reforming reaction. In turn, a volcano-type correlation was found between intrinsic catalyst activity and support basicity. As a result,
the best catalytic performance, including a low selectivity to methane, was observed on the most dispersed Ni particles supported on Mg(Al)O.

Key mechanistic features were derived from these observations.
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1. Introduction

Synthesis gas (CO and Hj) production represents a step of
major importance in the conversion of natural gas to fuels and
petrochemical products. Currently, the main process for con-
verting natural gas to synthesis gas is reforming with steam or
carbon dioxide. Supported Ni catalysts are the preferred choice
as catalysts for the reforming reaction, due to the low cost
and easy availability of Ni metal. The main disadvantage of
Ni/support catalysts compared with noble metal catalysts is a
lower stability with respect to carbon deposition (see [1] and
Refs. therein). Many attempts have been made to improve the
stability of Ni-based reforming catalysts, with using a basic
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support among the most successful approaches [1-6]. Whether
the improved effect is due to oxygen transfer from the basic ox-
ide to the metal [7-10], to electronic effects [11] or to a higher
dispersion of the metal [12] remains a matter of debate.

Although numerous articles exist on the catalytic dry re-
forming of methane to synthesis gas [13], only few studies have
addressed the specificity of propane dry reforming using sup-
ported metal catalysts (e.g., Rh, Ru, Re) [14-16]. Recently, we
extended our previous studies of methane dry reforming over
Ni-based catalysts toward propane dry reforming [10,17] oc-
curring through the following reaction:

C3Hs + 3CO, — 6CO + 4H,. (1)

This choice was based on the lower vapor pressure of propane
compared with methane at ambient temperature, making it
more suitable for use in, say, fuel cell cars with internal reform-
ing.



In the present work, we address the possible correlation be-
tween support basicity and Ni/support activity and stability of
catalysts for the dry reforming of propane to synthesis gas by a
multitechnique approach. The activity, selectivity, and stability
of supported Ni catalysts were investigated by catalytic test-
ing in a conventional fixed-bed reactor. The support systems
studied range from weakly acidic (SiO7) to amphoteric [Al; O3,
Mg(A1)O] to basic oxides [MgO, CaO]. The Ni particle size
and reduction state was investigated by magnetic measurements
performed before and during catalytic testing. Temperature-
programmed desorption (TPD) using CO, as probe molecule
was used to rank the supports with respect to basicity. Turnover
frequencies (TOFs) for each catalyst were calculated on the ba-
sis of metal dispersion as a guideline for addressing the relative
importance of support acid-base properties and metal distribu-
tion, respectively.

2. Experimental
2.1. Catalyst preparation and characterization

Ni/SiO; was synthesized by calcining Si0,-40 (Fluka, grain
size 0.2-0.3 mm) at 825 °C for 10 h before impregnating it with
an aqueous solution of nickel nitrate. After impregnation, the
product was dried overnight at 100 °C and calcined at 750 °C
for 8 h in air.

Ni/Al,O3 was prepared by impregnating §-Al,O3 Puralox
SCCa-90 (Condea) with an aqueous solution of nickel nitrate
before drying it in air at 100 °C. The material thus obtained
was then calcined for 8 h at 750 °C in air.

Ni/MgO and Ni/CaO were prepared by synthesizing the
corresponding hydroxides, Mgp 9gNig.02(OH), and Cag.9gNig g2
(OH),, by coprecipitation at constant pH (12.0 £ 0.1) at 40 £
2°C in a specially designed apparatus. During synthesis, the
two reactant solutions A (OH™ balanced by K*; ~250 ml) and
B (Mg?* + Ni?* or Ca?* + Ni** balanced by NO;J; 80 ml),
as well as the product solution C (initially 160 ml of degassed
deionized water), were kept at constant temperature in a water
bath. The whole system was kept under inert conditions by Ar
flushing. The pH was controlled through a feedback loop using
a pH meter, which activated or stopped the pump for source so-
Iution A. Source solution B was added at a constant rate into
the product solution C via a second pump. The mixing of reac-
tant solutions (A and B) to yield the product solution (C) was
completed within approximately 1 h, followed by stirring for
approximately 1 h for the Mg 9gNig 02(OH), and 19 h for the
Cag.9gNig 02(OH);. The products thus obtained were washed in
a diluted NH4OH solution and dried overnight at 90 °C. Phase
purity of the samples was confirmed by powder X-ray diffrac-
tion (XRD). No reflections from KNO3 or carbonate phases of
Mg or Ca were observed. The hydroxides were converted into
the corresponding oxides in a fluidized-bed reactor maintained
at 650°C (Mg-Ni-O) and 750°C (Ca-Ni-O) in N atm for
14 h. The samples were then cooled to room temperature under
inert conditions.

The Ni/Mg(Al)O catalysts (types I and IT) were prepared by
first synthesizing the corresponding hydrotalcite-like material
with nominal composition Mgs ggNig 12Al2(OH)16CO3-nH,0O
and (Mg + Ni)/Al = 3 by coprecipitation at constant pH (11.5+
0.1) and temperature (40 £ 2°C) in the same apparatus de-
scribed earlier. During synthesis, the two reactant solutions A
(Cog_ and OH™ balanced with K*; ~730 ml) and B (Mg**+ +
Ni2* + At balanced with NO3'; 250 ml), as well as the prod-
uct solution (initially containing 500 ml of deionized water),
were kept at constant temperature in a water bath. The pH was
controlled through a feedback loop using a pH meter, which ac-
tivated or stopped the pump for the source solution A. Source
solution B was added at a constant rate into the product solution
via a second pump. The mixing of reactant solutions to yield
the product solution was completed within approximately 3 h,
followed by stirring for approximately 1 h. The product thus ob-
tained was washed and dried overnight at 90 °C. Powder XRD
showed that this hydrotalcite-like material was a pure phase
(i.e., no reflections from the potential contaminant KNO3 or
from other phases were observed). The hydrotalcite-like mater-
ial, Mgs ggNig.12Al2(OH)16CO3-nH> 0, was subjected to one of
several calcination programs, resulting in catalysts designated
types I and II. The type I Ni/Mg(Al)O catalyst was obtained by
first calcining the corresponding hydrotalcite-like phase in two
steps at 400 and 800 °C under vacuum before activating it by
Zr reduction using chips of Zr in evacuated sealed silica glass
ampules. Zr was positioned in a crucible inside the ampule to
separate it from the catalytic material. Both Zr and Ni/Mg(Al)O
were held at 600 °C for 7 days before cooling to room temper-
ature. Small amounts of oxygen were finally leached into the
ampule to passivate the nickel particles. Ni/Mg(Al)O (type 1)
was prepared by performing the calcination and activation steps
simultaneously by sending a flow of 10% H; in N at 650°C
over the hydrotalcite-like material for 14 h in a fluidized-bed
reactor before cooling it to ambient temperature under the same
atmosphere. Then the material was passivated at room temper-
ature in a 2% O3 in N, flow for 1 h. The main difference in
the activation procedures for types I and II is that type I was
activated under water-free conditions, whereas type Il was ac-
tivated in the presence of humidity (because calcination and
activation occur simultaneously).

Nickel loading (ICP-AES) and specific surface areas (1-
point BET) of the Ni/support systems (reduced and passivated,
see below) are listed in Table 1.

Table 1
Ni loading and specific surface area of passivated Ni/support systems

Ni loading Specific surface
(Wt%) area (m2 /)
Ni/SiO, 1.9 100
Ni/Al, O3 1.8 100
Ni/Mg(ADO I 1.6 131
Ni/Mg(Al)O II-c 1.8 173
Ni/MgO-b 1.8 117
Ni/CaO 2.8 16




2.2. Catalytic testing

The catalysts (0.45 g sieved to grain size of 0.18-0.30 mm)
were tested in a tubular quartz fixed-bed reactor with an inner
diameter of 6 mm. The temperature in the catalyst bed was mea-
sured by a thermocouple placed in a quartz well (3 mm o.d.)
inside the reactor. Ni/SiO;, Ni/Al,O3, and Ni/MgO a and b
were activated in situ in a flow of 100 Nml/min 10% Hj in N;
for 14 h at 650 °C before the system was cooled to the test tem-
perature of 600 °C, whereas Ni/CaO was heated in a flow of
H,:CO;,:Ar (%) = 10:30:60. When Ni/CaO was heated under
a Hp in N, flow, a rapid temperature increase was observed
when switching to the feed gas mixture at 600 °C, probably
due to (partial) conversion of the CaO support to CaCOs3. To
avoid sintering of the Ni particles due to overheating at the on-
set of the reactant feed, Ni/CaO was gradually converted to the
carbonate phase during heating/reduction. No overheating oc-
curred when this catalyst was heated in a H/CO, mixture or
when the other catalysts were heated in H, in N». Ni/Mg(Al)O
(types I and II) were heated directly to 600°C in 10% H;
in Nj. On reaching the test temperature, the feed gas compo-
sition was changed to reforming conditions [C3Hg:CO,:H;:Nj
(%) = 10:30:10:50] with a total flow rate of 100 Nml/min
[GHSV = 13,333 Nml/(h gcar)]. Hy was added to the feed to
keep the catalysts in a reduced state even at moderate conver-
sion, because it had previously been observed that a 1.9 wt%
Ni/Mg(Al)O catalyst was oxidized with time on stream under
a C3Hg:CO,:N» (%) = 20:60:20 flow at 600 °C and moderate
(<40%) conversion [10]. Water produced during the reaction
was collected in a water trap, and the dry effluent was analyzed
by a 3 columns Agilent micro gas chromatograph. The effluent
was found to contain significant amounts of CO,, C3Hg, Hp,
N», CO, and CHy4. In addition, C;H4 was always observed, but
at concentrations <1%.

Methane dry reforming was tested over Ni/Mg(Al)O II with
CH4:CO7:Hs:N> (%) = 10:30:10:50, with all other parameters
being equal to those in the propane-reforming test.

2.3. Magnetic measurements

Magnetic measurements were performed at ambient temper-
ature by the Weiss extraction method [18] in an electromagnet
providing fields up to 21 kOe. Information on the degree of Ni
reduction and on the mean diameter of the Ni metal particles
(D) was extracted from the magnetization isotherm [19]. The
degree of Ni reduction was calculated from the saturation mag-
netization (Mj). For ferromagnetic materials, a residual mag-
netic moment remains at zero field after exposure to a magnetic
field; however, when the particle diameter drops below a certain
size (D.), the ferromagnetic particles become superparamag-
netic [19]. Absence of remanent magnetization (M) indicates
superparamagnetic behavior [19]. Under such conditions, the
mean sizes of large (D1) and small (D;) Ni particles can be
calculated according to Langevin’s equation [19]. The accuracy
of the method is assumed to be within +20% [18]. The mean
particle diameter was calculated as D = (D + D»)/2. In the
applied magnetic setup, it was empirically determined that D,

for Ni was 15 nm and that the ratio 2M;/ M, gave the fraction
of particles with larger size than the critical diameter.

Before the magnetic measurements, Ni/SiO;, Ni/Al;Os3,
Ni/MgO, and Ni/CaO were activated in a separate reactor at
650°C for 14 h in a flow of 10% H, in N, before the reactor
was cooled to room temperature and the surface of the gener-
ated nickel particles was passivated by a gas flow of 2% O in
N, for 1 h.

Then ~200 mg of Ni/SiO3, Ni/Al, O3, Ni/Mg(Al)O (types I
and II-c), Ni/MgO-b, and Ni/CaO were loaded into a specially
designed fixed-bed reactor that was adapted for both magnetic
measurements and catalytic testing [20]. All of the materials
except Ni/CaO were first reduced in situ by heating to 600 °C
(10°C/min) in a flow of 45 Nml/min of 10% H; in N, (with
Ni/CaO reduced in 10% Hj; and 30% CO, in N;) before switch-
ing to N», isolating the reactor, quenching it to room tem-
perature, and loading it into the electromagnet to collect the
magnetization isotherm. Thereafter the reactor was exposed to
reforming conditions [600 °C, 45 Nml/min of C3Hg:CO:H»:
N3 (%) = 10:30:10:50 (GHSV = 13500 Nml/(h gcar))] for 1 h.
Then a magnetization isotherm was collected again, and so
forth. A total of four magnetization isotherms were collected
for each catalyst after it was subjected to reforming conditions
for 5 min and 1, 2, and 14 h. Each measurement took approxi-
mately 1 h, including all of the above-described steps.

2.4. CO; temperature-programmed desorption

CO; TPD measurements were carried out in a quartz reactor
loaded with 50 mg of catalyst calcined in situ at 650 °C, reduced
under pure hydrogen flow at the same temperature, then cooled
to room temperature and contacted with pure carbon dioxide
flow for 60 min, and finally flushed with argon flow for 30 min.
The TPD ramp under Ar flow was started (20 °C/min) from
room temperature to 650 °C, with the evolving gases continu-
ously monitored by online mass spectrometry. No other gases
besides CO, were detected at the reactor outlet. By integrating
the TPD curves, the amount of reversibly adsorbed CO, was
deduced and normalized to the highest amount corresponding
to the Ni/CaO sample.

2.5. Calculations

Propane and carbon dioxide conversions were calculated on
basis of feed and effluent concentrations, using N» as an internal
standard. Except for the first analyses in the test, the carbon
mass balance was always 100 &= 1%. The carbon monoxide and
methane selectivities were calculated on the basis of effluent
concentrations.

The turnover frequency (TOF) of a catalyst is defined as
the number of reactant molecules converted to products over
one active catalyst site per second. In the present case, each
Ni atom on the outer surface of the Ni particles is considered
an active site. The TOF of the Ni/support catalysts was cal-
culated as follows. The number of exposed Ni surface sites
(Na i) for each catalyst was calculated from the Ni loading



as well as the average Ni particle size determined from mag-
netic measurements (D). It was assumed that the Ni particles
are spherical and that all outer surfaces are exposed to the react-
ing gases, which was demonstrated elsewhere as being a sound
model [21]:

MNi = Meat - (Wt% Ni) /100, 2)
Viot,Ni = mNi/ PNi» (3)
VpartNi =4/3 -7 - (D/2)°, )
SNi = (VeotNi/ VpartNi) - 4+ 7 - (D/2)?, (5)
Na Ni = SNi/Sspec,Ni» (6)
and

NA Nired = Na Ni - Reduction% /100, @)

where D is the average Ni particle diameter calculated from
magnetic measurements, pn; is the bulk density of Ni metal,
Vpart,Ni 1 the volume of each Ni particle, Vi N is the total vol-
ume of all Ni particles, Snj is the exposed Ni surface of all Ni
particles, Sspec,Ni is the surface area of a Ni atom, and Reduc-
tion% is the degree of Ni reduction calculated from magnetic
measurements.

The TOF of each catalyst after a given time on stream (TOS)
was calculated using the following formula:

TOF (s~ ') = (Cc, 13 /100%) - Flowc, pg - A/Na Nired, ¥

where Cc,h, is the propane conversion (in %), Flowc,n; is the
propane flow over the catalyst (mol/s), and A is Avogadro’s
number.

3. Results
3.1. Catalytic testing

Results from the activity tests of all Ni/support catalysts for
propane dry reforming at 600 °C are reported in Figs. 1 and 2.
Equilibrium conversions and coke (C) selectivity under the ap-
plied test conditions were Ccyny = 100%, Cco, = 57%, and
Sc =45% [10]. Blank tests using the same feed and either an
empty or an Mg(Al)O-filled reactor yielded zero and <0.3%
propane conversion, respectively, at 600 °C [10].

Fig. 1 shows significant differences in both initial conver-
sion and stability with time on stream (TOS) among the tested
catalysts. The reproducibility of synthesis is good for the im-
pregnated catalysts (Ni/SiO, and Ni/Al,Os; Fig. 1); however,
for the catalysts prepared by coprecipitation, significant vari-
ation (i.e., by a factor of two) in activity and stability was
observed between different catalyst batches, as shown in Fig. 1
[Ni/Mg(ADO II and Ni/MgO]. Therefore, a systematic study
of the activity-Ni particle size relationship requires perform-
ing independent measurements leading to TOF values on the
same batch of catalyst, as in the present investigation. Repro-
ducibility tests using the same batch of a Ni/Mg(Al)O variant
(heat-treated somewhat differently from types I and II) in dif-
ferent tests gave very similar results (not reported). Thus, the
reproducibility of the test procedure, as well as the homogeneity

within one batch of catalyst, are considered satisfactory. Fig. 1
further shows that Ni/SiO; and Ni/Al,O3 had a strong initial
deactivation before their performance stabilized.

The activity and stability of the Ni/Mg(Al)O II system var-
ied significantly between different batches [Ni/Mg(Al)O II-a,
b, and c]. The most active catalyst, Ni/Mg(Al)O II-c, showed
initial deactivation, then reached a plateau of stable conver-
sion, and finally deactivated completely after ~4000 min TOS.
The Ni/Mg(Al)O II-a batch with medium activity showed ini-
tial deactivation followed by stable activity, whereas the least
active batch (batch b) was stable throughout the test. The activ-
ity of the Ni/Mg(AID)O I catalyst (activated by Zr reduction) was
similar to that of the corresponding material activated by H» re-
duction, with medium activity [Ni/Mg(AD)O II a]. This sample
displayed remarkable stability with TOS over the 8000-min test
period.

The results obtained for the Ni/MgO catalysts are similar
to those observed for the Ni/Mg(Al)O catalysts. The least ac-
tive catalyst (Ni/MgO-a) was rather stable during the test. The
most active catalyst (Ni/MgO-b) had a period of initial deactiva-
tion, followed by a period of stable activity, before the activity
dropped to zero after ~3500 min TOS. Visual inspection of
Ni/MgO-b after the test showed that the catalyst changed in
color from dark gray to white, indicating Ni oxidation. The
Ni/CaO catalyst deactivated slowly throughout the test.

The relationship between product selectivity and propane
conversion for the different Ni-based systems is reported in
Fig. 2. Note that each plot represents the product selectivity ob-
served during the life duration tests reported in Fig. 1. CO and
CHy4 were observed to be main C-containing products for all
of the tested catalysts. At very high propane conversions (i.e.,
at the start of each test), the carbon mass balances were poor,
indicating appreciable coking rates. Small amounts of ethene
were formed over the catalysts, although the selectivity was
always <1%. The theoretical product selectivity (Sco, ScH,)
versus propane conversion at equilibrium is shown as dotted
lines in Fig. 2. Thermodynamic data were taken from [22]. Only
gaseous products were taken into account in these calculations.
For Ni/SiO, and Ni/Al;O3, the methane selectivity approached
equilibrium throughout the tests (§—100% propane conversion).
For all Ni/Mg(ADO and Ni/MgO samples, the methane selec-
tivity was below equilibrium at all conversions and below 5%
at 0-50% conversion. Ni/CaO also gave methane selectivities
below equilibrium. However, the Ni/CaO test covered propane
conversions only from 2 to 18%, for which even Ni/SiO; and
Ni/Al;O3 gave low methane selectivity.

The results of a comparative test of methane dry reforming
over Ni/Mg(Al)O II-a are presented in Fig. 3. The catalyst used
in this experiment originated from the same synthesis batch
as the propane dry reforming test performed over Ni/Mg(Al)O
II-a, plotted in Fig. 1. A comparison of the two tests shows that
methane dry reforming had a higher conversion than propane
dry reforming, even though methane dry reforming was ther-
modynamically limited under the conditions used (i.e., 70%
methane conversion and 43% CO; conversion at equilibrium),
whereas propane conversion was thermodynamically complete.



1000 200 400 4000 8000 O 200 400 , 4000 8000 O 200 400 4000 8000 100
. ,I ' ! ' ' . .l l " IABatchﬁ IZ-CO2 . I. ‘ ! a; - |
Ni/SiO, S @ | NISIO, seantpz-cp,| NSO, ;gaicﬁgzzg%
80 180
60 E {60
40 4 140
7"y
. aPeee M e o ol 120
L NN
c % LPRAMANAA 24
2 0 0
. H ABatch1,p2 - CO . ® Batch 1, 1-(302
g N, oo NUALO, mn Nmeaor sEin,
2 80 180
o)
O e {60
I N
Son
40 \ R, : : L ) a0
- -~ 0. 00000, 008000 aa 2 waug ROPOCO00000
201 o {20
co B0 08600 oppow 2 4n 2 YA
0 1 1 ’I 1 1 n n 1 1 ,I,I 1 1 1 1 //I 1 1
0 200 400 4000 8000 O 200 400 4000 8000 0 200 400 4000 8000
TOS (min)
1000 200 400 4000 8000 O 200 400 4000 8000 O 200 400 4000 8000 100
. I l ’ [ ] Blatch 1, p‘; CO, [Ni I I _| ' ABI tch 2, 2l co : I I _ " .Blatch 3, p:li co,
L [NiMg(ANO 1 SIS NIMg(ANO Il asan2 5200, [NIMg(ANO Ik E238 02300 w0
60} {60
- - i
3 40E e » sepsesly @ @ z'.. 40
CL, | |
. ™o & e X XN aamni % n 120
2 > e n o oehowen p o .
g 0 ol 0
; _ ® Batch 1, p1 CO, ; _ ABatch2, p2¢0,| Ni/CaO @ Batch 1, p1CO,
% 80 _NI/MgO a OBatch 1, p1 C,H, NiMgO-b AB:tzh 2, 22C3H5 OBateh 1, p1CH, | o)
O
60} maa - {60
e = \
A% @ = oedaers KA‘ 140
o e o @0 q
A
20b ®© © "Oo0ecs e eete g | 20
oA ©CPY © © g
0 : ) S : S — : : w@ 0
0 200 400 4000 8000 O 200 400 4000 8000 O 200 400 4000 8000
TOS (min)

Fig. 1. Dry reforming of propane activity tests of Ni/support cataly:

3.2. Magnetic measurements

Nickel particle size and degree of nickel reduction for each
catalyst before and during testing are reported in Table 2. For
the Ni/SiO, system, the average Ni particle size was observed
to vary between 8.0 and 8.5 nm, whereas the degree of Ni reduc-

sts at 600 °C. Feed composition: C3Hg:CO,:Hy:Ny (%) = 10:30:10:50.

tion was observed to decrease from 97% to 59% during the test
period of 14 h. In addition, about 25-30% of the reduced Ni was
found to be located in Ni particles larger than D, = 15 nm. In-
terestingly, the remanent magnetization was found to decrease
slightly with increasing TOS, indicating that a smaller fraction
of the reduced Ni particles were larger than D, after being
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Fig. 3. Dry reforming of methane over Ni/Mg(Al)O II-a at 600 °C. Feed com-
position: CH4:CO;:H3:Nj (%) = 10:30:10:50.

exposed to reforming conditions. Another possible interpreta-
tion is that for very large particles, Weiss domains may have
formed (equivalent to a collection of smaller particles) and the
remanent magnetization may have decreased accordingly. Ac-
cording to Kroll et al. [23], the observation of Ni particles larger
than D, for Ni/SiO, might depend on the pretreatment proce-
dure. To correctly assess the morphological changes suggested
by the magnetic measurements, we cross-checked our findings
by TEM. Histograms of particle sizes indicated an average Ni

particle diameter of 10.2 nm when only particles <15 nm were
taken into account and of 13.9 nm when all particles were taken
into account. It should be noted that when creating histograms
from TEM measurements, all diameters were rounded up, lead-
ing to an overestimation of particle size. Therefore, the TEM
results support the findings from the magnetic measurements.

The degree of Ni reduction in freshly reduced Ni/Al,O3 was
only 60%, most likely due to the formation of NiAl,O4 spinel
during the calcination step. According to the literature, spinel
formation most likely occurs at elevated temperatures (see, e.g.
[24]). The average Ni particle size and degree of Ni reduction
of Ni/Al,03 decreased from 7.5 to 6 nm and from 60 to 37%
during the first 2 h on stream. Due to plugging of the reactor
by coke, no magnetic measurements were made after 14 h on
stream.

For the Ni/Mg(Al)O I system, a slight decrease in the degree
of Ni reduction (from 59 to 46%) was observed with TOS. At
the same time, the average Ni particle size slightly decreased
from 7 to 5.5 nm. No remanence was observed.

The Ni/Mg(Al)O II-c system showed a very low degree of
Ni reduction (from 22 to 17%). The average Ni particle was 4
to 5.5 nm throughout the tests. It should be noted that the test
duration of magnetic measurements was shorter than the life-
time observed for this catalyst batch in the ordinary test reactor,
as presented in Fig. 1.

For Ni/MgO-b, the degree of Ni reduction was also very low
throughout the experiment (from 22 to 20%). The average Ni
particle size decreased slightly or remained constant between



Table 2
Nickel phase characteristics extracted from magnetic measurements
Degree of Dy D D 2M;/ M
reduction (%) A) A) (nm)
Ni/SiO,
Passivated 87 57 114 8.5 0.294
H;/N» (10/90) 97 47 111 8 0.285
C3Hg/CO,/Hy/N, 10/30/10/50
TOS =5 min 86 58 113 8.5 0.291
TOS=1h 82 52 108 8 0.249
TOS=2h 96 56 109 8 0.253
TOS~ 14 h 59 59 109 8.5 0.255
Ni/Al, O3
Passivated 53 58 99 8 0.012
H;/N» (10/90) 60 57 97 7.5 0.008
C3Hg/CO,/Hp/Ny 10/30/10/50
TOS=1h 34 47 80 6.5 0.024
TOS=2h 37 44 79 6 0.022
Ni/Mg(ADO 1
Passivated 51 42 89 6.5 0
H;/N» (10/90) 59 51 89 7 0
C3Hg/CO,/Hp/Ny 10/30/10/50
TOS = 6.5 min 58 41 79 6 0
TOS=1h 50 50 68 6 0
TOS=2h 50 44 69 5.5 0
TOS~ 14 h 46 49 66 5.5 0
Ni/Mg(ADO II-c
Passivated 11 38 69 5.5 0
H;/N» (10/90) 22 34 n.c. n.c. 0
C3Hg/CO,/Hy/Ny 10/30/10/50
TOS =2 min 17 33 49 4 0.014
TOS=1h 13 41 48 4.5 0
TOS=2h 15 44 n.c. n.c. n.c.
TOS ~ 14 h 17 45 n.c. n.c. n.c.
Ni/MgO-b
Passivated 15 49 68 6 0
Hy/N; (10/90) 22 38 55 4.5 0.034
C3Hg/CO,/Hp/Ny 10/30/10/50
TOS =5 min 21 39 67 5 0.023
TOS=1h 24 48 50 5 0.032
TOS=2h 20 45 47 4.5 0.005
Ni/CaO
Passivated 72 62 114 8 0.0035
Hy/N; (10/90) 84 62 114 8 0.010
C3Hg/CO,/Hy/N, 10/30/10/50
TOS =5 min 79 74 129 10 n.c.
TOS=1h 82 84 132 11 0.117
TOS=2h 84 76 133 10.5 0.134
TOS~ 14 h 89 95 138 11.5 n.c.

n.c. = not calculated.

4.5 and 5 nm during the first 2 h on stream. At TOS = 14 h,
no propane conversion was observed, similar behavior to that
observed for Ni/MgO-b during the lifetime study (Fig. 1).

The degree of Ni reduction on Ni/CaO was observed to in-
crease slightly with TOS, with a maximum reduction of 89% at
TOS = 14 h. The average Ni particle size increased from 8 to
11.5 nm, and the remanence increased from 1 to >13% during
the test period.

3.3. CO; TPD measurements

CO; TPD curves obtained over each catalyst are plotted in
Fig. 4. Most of the CO, TPD curves exhibited a single de-
sorption peak with a maximum temperature within a 50-150 °C
interval and spanning from 60 °C to about 500 °C, except for
Ni/CaO with a TPD curve shifted to higher temperature, with
a Tiax at 550 °C. Because Fig. 4 presents the CO;, desorption
versus temperature curves, the continued CO; desorption from
Ni/CaO at 650 °C is not shown in the graph. It can be observed
from the graph that the number and strength of basic sites in-
crease from Ni/SiO, via Ni/Al,O3, Ni/Mg(Al)O, and Ni/MgO,
to Ni/CaO. It also can be seen that the two close hydrotalcite
materials, Ni/Mg(Al)O I and II-c, have different basic site con-
centrations, in line with the difference in BET surface areas
(Table 1). The normalized concentration of basic sites of sup-
ported Ni catalysts derived from the TPD curves integration is
reported in Table 3.

3.4. TOF

TOF was calculated on the basis on the aforementioned Ni
dispersion for each catalyst during testing, as presented in Ta-
ble 3. Note that due to the very rapid initial deactivation of most
catalysts, the first data points (obtained after ca. 2—6 min on
stream) should be considered with care. That considered, the
data in Table 3 show that after the initial deactivation (<2 h on
stream), the TOF for each catalyst is nearly constant with in-
creasing TOS.

Plotting the TOF values calculated for the various catalysts
after 1 h on stream as a function of the Ni particle diameter (i.e.,
Ni dispersion) leads to a straightforward relationship, as shown
in Fig. 5. A decrease in Ni particle diameter in the range of 11—
4.5 nm leads to a dramatic increase in TOF for the supported
Ni catalysts, irrespective of the nature of the support. Although
Fig. 5 presents the situation after only 1 h on stream, the trend
is generally valid throughout the tests.

Comparing the mean stabilized TOFs calculated for the var-
ious catalysts as a function of the basicity ranking [SiO; <
Al,O3 < Mg(ADO I and II < MgO < CaO] shows no monoto-
nous relationship between intrinsic activity and basicity (Ta-
ble 3). Instead, a volcano-type relationship is seen, with a clear
maximum of the intrinsic activity for the intermediate system
Ni/Mg(A1)O II-c (Fig. 6A).

4. Discussion
4.1. Validity of TOF calculations

The conclusions of this study rely strongly on the calculated
TOFs, which directly reflect the intrinsic activity of active sites.
Thus, a discussion of the validity of TOF calculations is war-
ranted. We made two assumptions during the calculations:

1. We assumed first that only reduced Ni® is active for propane
dry reforming, whereas nickel oxide (NiO) and nickel car-
bide (Ni,C), which are not detected by magnetic measure-
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Table 3
Basicity from CO, TPD measurements. Turnover frequencies (TOF) versus
time-on-stream (TOS)

Catalyst Concentration of TOS D C3Hg TOF
basic sites, based (min) (nm) conversion X 103
on CO, TPD data? (%) s™h

Ni/SiO, 0.02 5 85 27 37

60 8 19 25

120 8 17 19

~840 85 11 22

Ni/Al, 03 0.24 60 65 16 44
120 6 15 36

Ni/Mg(ADO 1 0.39 65 6 43 71
60 6 38 73

120 55 36 63

~840 55 34 65

Ni/Mg(ADO II-c  0.54 2 4 50 172
60 45 37 188

Ni/MgO-b 0.84 5 5 68 233
60 5 48 145

120 45 47 153

Ni/CaO 1.0 5 10 15 18
60 11 14 18

120 105 12 14

~840 11.5 10 12

4 The concentration of basic sites has been normalized to Ni/CaO.

ments because they are nonferromagnetic, are not included
in the calculations. The assumption that NiO is catalyti-
cally inactive is supported by several studies showing that
the methane-reforming activity of an unreduced Ni cata-
lyst is far inferior to that of a reduced Ni catalyst (see,
e.g., [25]). For nickel carbide, the TOF calculations infer
that the surface and bulk of each Ni particle are in the
same zero-reduction state. Some previous reports contra-
dicted this assumption, hypothesizing that whisker carbon
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Fig. 5. TOF versus D after 1 h on-stream for all tested catalysts. The black
markers were calculated using particle diameters from magnetic measurements
(cf. Tables 1 and 2). The white marker was calculated by using the particle
diameter estimated from TEM analysis for Ni/SiO,.

formation proceeded by C diffusion through Ni particles,
forming a carbide-like phase while the particle surface was
still active [26]. However, recent studies [27,28], using
HTEM and EXAFS in combination with catalytic activity
measurements, have concluded that whisker formation pro-
ceeds at the outer surface of the active metal particle, and
that carbide formation inside the particles starts at the onset
of catalyst deactivation. Our results (i.e., stable TOF with
TOS for coking catalysts) tend to agree with the feature of
surface-diffusing carbon with no major bulk-process car-
bidization of Ni into nickel carbide. However, the effective
transfer of carbon atoms from the hydrocarbon dissocia-
tion active centers (metallic nickel) to the particle extrusion
faces into whiskers might involve interstitial forms of car-
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of basic sites from CO, TPD measurements. The values of Ni particle size and
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bon (leading to still-ferromagnetic Ni) throughout several
surface layers of the Ni particles.

2. A second factor related to TOF calculations is the specific
contribution of Ni particles larger than the critical diame-
ter (D. = 15 nm) detected for the case of the two extreme
systems Ni/SiO; and Ni/CaO (Table 2). At D > D¢, the
particle size cannot be determined from magnetic measure-
ments. To investigate the effect of including larger parti-
cles, we determined TOF values for Ni/SiO, from both
magnetic measurements and a full size distribution derived
from TEM analysis. These two values are reported in Fig. 5
for comparison (with the open symbol representing data
obtained by TEM). As can be seen, the TOF for Ni/SiO;
increased slightly (from 25 x 1073 to 34 x 1073 s~!) when
the entire particle size distribution was included. However,
including the larger particles found by TEM analysis does
not alter the general relationship between Ni dispersion and
intrinsic activity shown in Fig. 5, irrespective of the nature
of the support.

4.2. Support influence

As a general comment, the CO, TPD results reported in Ta-
ble 3 and Fig. 4 suggest a correlation between the normalized
concentration of basic sites (able to reversibly adsorb COj)
and basic strength. Note, however, the much stronger basicity
for the CaO support, in agreement with theoretical calculations
reported previously [29]. The formed carbonate species’ high
stability and large amount despite the low surface area strongly
suggest that in this case, bulk carbonatization was achieved un-
der the prevailing TPD conditions.

4.2.1. Ni particle size
From the data reported in Table 2, together with the basicity
measurements given in Table 3, an inverse volcano-type rela-

tionship between Ni particle size and surface basicity can be
established, as depicted in Fig. 6B. The smallest Ni particle
sizes are obtained for the medium basic Mg(AI)O-IL. In turn,
larger Ni particle diameters are observed for both the ampho-
teric Ni/Al,O3 and acidic Ni/SiO, and the more basic supports,
Ni/MgO and Ni/CaO.

The BET surface areas of the catalysts decrease in the order
Ni/Mg(Al)O II-c > Ni/Mg(A)O I > Ni/MgO-b > Ni/Al,O03 ~
Ni/SiO; > Ni/CaO. A similar order is found for the Ni particle
size, except for the MgO support, which gives an intermediate
Ni particle size between Ni/Mg(AD)O I and Ni/Mg(AD)O II-c
despite having a lower specific surface area.

In terms of the degree of reduction of Ni particles, a strong
linear coupling between nickel dispersion and degree of reduc-
tion is also seen by comparing Figs. 6B and 6C. This trend is
characteristic of a strong Ni particle—support interaction, which
keeps the smallest particles in a partially oxidized state, as in
the case of the hydrotalcite-based supports.

Considering the reverse volcano-like relationship observed
between Ni dispersion/reduction and surface basicity (Figs. 6B
and 6C), several reports have suggested a possible inverse cor-
relation between the number of basic or defect support sites
and Ni particle diameter [30,31]. In the present study, such a
trend of decreased Ni particle diameter with increasing num-
ber of basic sites also might be considered when disregarding
Ni/CaO. As a matter of fact, the number of basic sites calcu-
lated for Ni/CaO should be interpreted with care. CaO is a very
basic oxide. Due to its strong basic properties and its very low
surface area, CO, may interact strongly with sites other than
defects, favoring the formation of bulk carbonates and possibly
leading to an overestimation of surface defects.

Previous studies [7-9] found that Ni particles supported on
a highly basic support like lanthanum oxide (LayO3), which is
almost completely carbonated under dry reforming conditions,
are coated with a thin layer of lanthanum carbonate, which pre-
vents sintering of particles and extraction of particles from the
surface by carbon filaments during the reaction. In that case,
surface area and defects are not concerned but only the faculty
for carbonate phases to coat (several monolayers) and stabilize
the metal particles.

To conclude, Ni particle distribution may be related to sev-
eral parameters, most likely partly interconnected, which col-
lectively can be considered a unique effect of metal-support
interaction. These parameters include surface area, defect con-
centration, and basicity via carbonate coating. The dispersion
and degree of reduction of nickel can be considered indicators
of these various parameters.

4.2.2. Catalyst activity

The results presented in Fig. 5 indicate unambiguously that a
catalyst’s TOF (i.e., nickel intrinsic activity) is strongly related
to Ni particle size. Indeed, the graph displays an exponential
shape, with a sharp increase in TOF at average Ni particle di-
ameters below 7 nm. A similar trend was recently reported by
Wei and Iglesia [12] for the dry reforming of methane over
supported metal catalysts. Our data expand their findings while
using a different method for determining exposed Ni area (mag-



netic measurements vs Hy chemisorption) and a different reac-
tion (propane vs methane). In addition, Wei and Iglesia used
only one support for Ni catalysts (i.e., MgO), whereas our study
covers a wide range of supports. Moreover, the relationship re-
ported by these authors, as well as by Parmaliana et al. [30] in
an earlier study of Ni particle size effect in methane steam re-
forming over Ni/MgO catalysts, was not as exponential as that
observed in the present study.

Theoretical and experimental studies of model Ni surfaces
have revealed that Ni defects have lower activation barriers to-
ward methane activation than Ni terraces [32]. A recent study
that used theoretical calculations to compare the activation bar-
riers of C—C and C-H bond cleavage in ethene over Ni(111)
and Ni(211) surfaces demonstrated that the activation barrier
of C—C bond cleavage is far more structure-sensitive than that
of C-H bond cleavage [33]. The results obtained in this study
tend to indicate a stronger surface sensitivity of the propane
dry reforming reaction compared with methane dry reforming,
suggesting that either C—C bond cleavage or C oxidation is the
rate-determining step for propane reforming, whereas only the
C-H bond activation is of concern for methane dry reforming.

In this context, it is interesting to observe that the TOF ver-
sus D relationship depicted in Fig. 5 is very similar to that
reported by Carter et al. for ethane hydrogenolysis over 10 wt%
Ni/Si0,—Al, 03 with Dy & 2-10 nm at 267 °C [34]. This result
could indicate that the rates of these two reactions are limited
by the same reaction step, which would then not involve an
oxygen-containing species. The origin of the structure sensi-
tivity of both C—C and C-H bond activation should be related
to the higher efficiency of defect Ni sites, which are numer-
ous on small particles, compared with the denser and smoother
planes dominant in larger particles. Steric factors favoring the
C-C bond cleavage on out-of-plane Ni atoms might be the ori-
gin of such structure sensitivity; this effect would be much less
prominent for the C-H bond cleavage in the smaller methane
molecule.

4.2.3. Catalyst stability
Three types of activity versus TOS behaviors were observed
in this study:

1. Ni/SiO; and Ni/Al,O3. As can be seen in Tables 2 and 3, af-
ter a rapid initial deactivation, these two catalysts reached
a stable TOF, but with a prominent decrease in the frac-
tion of ferromagnetic Ni with TOS, accompanied by a
slight decrease in the size of the ferromagnetic Ni particles
for Ni/Al;Os. This result is consistent with a deactivation
process related to coke formation, which has been reported
to proceed more easily on larger Ni particles [35]. As such,
this effect could derive from the buildup of an outer nonfer-
romagnetic carbide-like thick layer with TOS, which would
decrease the fraction of active metal. It is interesting to
note that the TOF remained constant (Ni/SiO5) or increased
slightly (Ni/Al,O3) with TOS, again supporting the tight
correlation between TOF and Ni particle size.

2. Ni/Mg(ADO I and Ni/Mg(AD)O II-a and b. The two first cat-
alysts reached rapidly steady conversion, Ni particle size
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distribution, and hence TOF after a rapid initial deactiva-
tion, whereas the less active Ni/Mg(Al)O II-b catalyst dis-
played stable activity throughout the test (Fig. 1; Tables 2
and 3). The steady-state level was different for each cata-
lyst, increasing with a decrease in average Ni particle size.
The rapid initial deactivation observed for these catalysts,
as well as for the Ni/SiO; and Ni/Al,O3 catalysts, was in
all cases accompanied by a poor carbon balance, indicating
that the initial deactivation was essentially due to carbide
and/or coke formation.

Considering now the good steady-state performance of the
catalysts that display moderate basicity, it has previously
been shown that CO, species trapped as unstable surface
carbonate on a Mg(Al)O support are able to oxidize the
Ni surface during pulse experiments in a temporal analy-
sis of products (TAP) reactor [10]. We thus can deduce
that such an oxygen spillover arising from the continu-
ous decomposition of surrounding surface carbonates im-
proves the C/H/O balance on the Ni surface, favoring CO
(versus carbon deposits) formation. However, overly effi-
cient oxygen transfer from the support to the Ni surface
could contribute to the sudden death of the most active Ni/
MgO-b and Ni/Mg(AD)O II-c catalysts due to Ni oxidation
after ~60 h on stream.

3. Ni/CaO. As can be seen from Tables 1 and 2, Ni/CaO
displayed a stable reduction state with TOS but with in-
creasing Ni particle size and decreasing TOF throughout
the test. This result clearly indicates that the Ni particles
sintered with TOS, most likely due to the very poor surface
area of that support, preventing any stabilization effect via
particle—support interaction. Conversely, the blocking of Ni
particles due to coke formation is limited, in line with the
above statement because the particles that are not stabilized
on the support can be hardly deactivated by encapsulating
carbon. The decrease in TOF with an increasing particle
size is in agreement with the trend reported in Fig. 5.

Finally, comparing the CH4 and CO selectivities over the
various catalysts during aging tests (Fig. 2), note that the CHy
selectivity over Ni/SiO, and Ni/Al,O3 approached equilibrium
throughout the tests, but was far inferior to the equilibrium
amount over all catalysts with more basic carrier materials
[Mg(ADO, MgO, CaO]. This difference may be simply related
to the surface acidity of the Ni/SiO; and Ni/Al,O3 supports. An
early effect would be the favoring of direct cracking of propane
molecules into methane over the support acid sites, after an ini-
tial deactivation of the Ni particles. Another effect would be
the favoring of cracking of propane into methane on the metal-
lic surface due to the more pronounced metallic state of the
Ni particles on these catalysts and their poor metal dispersion,
whereas the partially oxidized state of nickel over the more ba-
sic systems prevents cracking of propane into methane, in turn
favoring its partial oxidation into carbon monoxide. The rela-
tive importance of these two effects is likely to depend on the
Ni dispersion and on the effective acidity of the support.



5. Conclusion

In this work, propane dry reforming over Ni based catalysts
was found to be highly structure-sensitive, as demonstrated by
an exponential relationship between intrinsic activity (TOF)
and mean particle size of metallic nickel particles. The struc-
ture sensitivity was more marked than that for methane dry
reforming [12,30] due to the specificity of C—C bond cleav-
age compared with C—H bond cleavage. In parallel, the in-
termediate basicity observed on such systems as Ni/Mg(Al)O
and Ni/MgO ensures the highest stability and catalytic perfor-
mance of the active Ni phase, including low methane selectiv-
ity. This intermediate basicity might correspond to an optimum
of COy/carbonate equilibrium, ensuring permanent feeding of
the Ni surface with oxygen from carbonate decomposition and
sufficiently stable carbonate to protect the Ni particles from de-
activation by carbon buildup and metal sintering. Our findings
indicate that the best-performing systems displayed the largest
nickel dispersion combined with moderate support basicity.
Monitoring this complex interconnection of various parameters,
including surface area, defect concentration, and basicity, and
their varying impacts on dry reforming of propane or methane,
is a prerequisite for optimizing catalytic systems and process
operating conditions for reforming real feedstocks of natural
gas containing methane, higher hydrocarbons, and CO».
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